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1. Introduction
Organic semiconducting materials have 
enabled the advent of cost-effective, 
large-area, lightweight, and flexible opto-
electronic devices. Among them, electro-
luminescent materials are of particular 
importance in developing organic light-
emitting diodes (OLEDs), one of the major 
technologies for modern display applica-
tions and holding great promise for future 
solid-state lighting. Currently, the main loss 
mechanism in OLEDs is the efficiency of 
light extraction. While OLEDs can reach 
near 100% internal efficiency, light extrac-
tion is typically less than 30% efficient. The 
orientation of the transition dipole moment 
(TDM) of emitting molecules with respect 
to the substrate plane is a key factor determining outcoupling 
efficiency of OLEDs. Specifically, horizontally oriented transition 
dipole moments in the emission layer can boost the efficiency 
by reducing coupling to plasmonic and waveguided modes.[1,2] In 
the past ten years, several research groups have found that some 
emitting molecules exhibit a preferential TDM orientation in a 
host matrix depending on the molecular shape as well as inter-
molecular and substrate interactions.[3–9] This has been reviewed 
in refs. [10,11]. Although attempts to further induce horizontal 
TDM orientation in solid films externally have been reported,[12,13] 
controlling the TDM orientation of emitters precisely down to 
the molecular level is extremely challenging, especially when the 
organic films are deposited via thermal evaporation.
In this regard, organic semiconductors showing liquid crys-
talline behavior have been of great interest as functional layers 
in electronic and photonic devices due to their self-assembling 
properties.[14–18] Discotic liquid crystals (DLC), a class of liquid 
crystals typically composed of a disc-shaped aromatic core and 
flexible peripheral chains, can self-organize into columnar 
phases with strong π–π interactions between discotic cores, 
which leads to high charge carrier mobility along the axis of 
the columnar aggregates.[19,20] By taking advantage of these 
unique electronic and structural features, various types of DLCs 
have been designed and synthesized to exploit in optoelectronic 
devices including OLEDs.[21–23]
Perylene derivatives are DLC compounds that typically 
form flat crystalline structures with tight packing, which often 
results in formation of excimers. In addition, they exhibit excel-
lent thermal and photochemical stability as well as electron 
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transporting and fluorescent emission properties, which make 
them highly promising as emitters in OLEDs.[24–26] The use of 
perylene derivatives in OLEDs has been explored by several 
groups, however, most studies primarily focused on physico-
chemical properties of materials and their potential applica-
tions rather than device performance and characteristics. 
Hence, emitters were only incorporated in simple OLED struc-
tures which often required drive voltages >8 V and achieved a 
maximum luminance of mostly <1000 cd m−2 at voltages higher 
than 10  V,[27–31] similar to other studies of liquid crystal-based 
OLEDs.[17,32–35] In order to develop more efficient liquid crystal-
line OLEDs, the knowledge about the self-assembling properties 
of DLCs that the community has acquired over the past decades 
needs to be appropriately integrated with state-of-the-art OLED 
structures and with the functional materials used in these.
In this publication, we present several different OLED device 
structures that are based on the DLC emitter perylene-3,4,9,10-
tetracarboxylic tetraethyl ester (PTCTE) (Figure  1a). PTCTE 
shows a crystalline phase with columnar structure at room 
temperature. Furthermore, ordering of PTCTE films can be 
improved by thermal annealing. Although detailed studies 
of the compound in both solution and thin film were made 
previously, key photophysical quantities such as photolumi-
nescence quantum yield (PLQY) and TDM anisotropy remain 
unknown.[22,29,36,37] Here, we investigate the photophysical 
properties of PTCTE thin films by measurements of PLQY, 
TDM orientation, and emission behavior upon annealing. In 
order to improve PLQY and OLED efficiency, we then incorpo-
rated the emitter into different host materials and implemented 
the host-guest-films into state-of-the-art OLED structures. 
Using doped charge transport layers and an exciplex-forming 
co-host structure, we achieved orange fluorescent OLEDs with 
steep j–V characteristics, onset voltages of 2.7 V, and luminance 
exceeding 10 000 cd m−2 at 5.7 V.
2. Results and Discussion
2.1. Photophysical Properties of PTCTE
In order to assess the potential of PTCTE as emitter material for 
OLEDs, we first investigated absorbance, photoluminescence (PL) 
spectra, PLQY, and TDM anisotropy of plain 50 nm thick PTCTE 
films. While PTCTE films may be fabricated from both solution 
and vacuum thermal evaporation,[22] having the interface between 
the organic surface and the vacuum is generally beneficial to 
achieve anisotropic TDM orientation in thin organic films.[6] Thus, 
we thermally evaporated all materials in this study. The absorption 
showed a strong band with peaks at 464 and 515 nm (Figure 1b), 
which was red-shifted compared to the absorption in solution 
(400–480  nm).[22] The PL showed a broad featureless spectrum 
peaking at 624 nm and with 126 nm full-width at half maximum 
(FWHM), which originated from formation of excimers.[37]
Due to the columnar liquid crystalline structure of PTCTE, we 
expected a preferred orientation of the molecule on the substrate. 
Measurement of TDM orientation via angle-resolved p-polarized 
PL spectra fitted to a transfer matrix model as described in lit-
erature[1–3,6,9] revealed a preferential horizontal orientation of 
the transition dipoles with an anisotropy of a  =  0.1 (a denotes 
the ratio of vertical dipoles over all dipoles; a =  0 for complete 
horizontal orientation and a  =  0.33 for isotropic orientation; 
Figure 1c; Figure S1, Supporting Information). Since annealing 
of liquid crystalline materials may lead to denser packing and 
improved structural order,[29] we also studied the TDM orienta-
tion for heated films. For annealing temperatures up to 120 °C 
only minor changes were observed, but annealing to 160 °C and 
above caused slight narrowing of the PL spectra and molecular 
re-orientation (Figure 1b,c). This is in agreement with previously 
measured phase transitions at 134 and 150  °C.[37] Thus, the 
preferential horizontal TDM orientation obtained at room tem-
perature vanished upon annealing and transition dipoles became 
isotropically oriented, as previously observed also for other mole-
cules.[38,39] The PLQY of the as-deposited film was 13.1%.
2.2. Simple OLEDs with PTCTE Emitter
We incorporated PTCTE as neat emission layer (EML) and 
electron transport layer (ETL) into simple bi-layer OLEDs 
using either 2,2′,7,7′-tetrakis(N,N′-di-p-methylphenylamino)-
9,9′-spirobifluorene (Spiro-TTB) or N,N′-di(naphtalene-1-yl)-
N,N′-diphenylbenzidine (NPB) as hole transport layer (HTL) 
and LiF/Al as cathode (Figure  2a). This structure served as 
a reference to compare to literature devices using similar 
Figure 1. a) Chemical structure of PTCTE. b) Absorbance and normalized PL spectra (λexc  = 300  nm) of PTCTE thin films (nominal thickness, 
50 nm) annealed at different temperatures. “Pristine” indicates non-annealed films. c) Anisotropy factor of PTCTE neat films for different annealing 
temperatures.
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bi-layer structures.[22,27,28] We used four different PTCTE 
thicknesses ranging from 50 to 110  nm. The complete OLED 
characteristics are shown in Figure  S2, Supporting Informa-
tion. With increasing PTCTE thickness, the external quantum 
efficiency (EQE) increased for both HTLs. At the same time, 
the current density strongly decreased due to the low charge 
carrier mobility of PTCTE, which was previously estimated to 
1–10 × 10−8  cm2  V−1  s−1.[29] Spiro-TTB as HTL led to lower 
leakage currents than NPB and, thus, more stable operation at 
low voltages, however, resulted in three times lower efficiency 
(Figure 2; Figure S2, Supporting Information). We believe that 
especially the Spiro-TTB devices suffered from charge imbal-
ance created by an excess of electrons. This is evidenced by: 
1) the observed increase in EQE for thicker PTCTE films, which 
reduced electron transport, and 2) by the higher EQE observed 
for NPB compared to Spiro-TTB, where the latter presented a 
larger energy barrier for hole injection into PTCTE (cf. energy 
levels in Figure S4b, Supporting Information).
Figure  2b,c shows the j–V–L characteristics and EQE of 
the best Spiro-TTB device. A luminance of 181  cd  m−2 was 
reached at 20 V, similar to previous results,[22,27,28] and the EQE 
showed a maximum of 0.08%. Upon annealing of the device 
to 120  °C, we observed an increase in charge transport, espe-
cially at lower voltages. This may be due to enhanced structural 
order at the interface between ITO and Spiro-TTB, which led 
to improved hole injection. As argued above, the non-annealed 
devices suffered from charge imbalance due to hole deficiency. 
Thus, heating of the devices could balance charge injection, 
which then also improved the EQE reaching now up to 0.21%. 
Further annealing to 160  °C caused a strong drop in EQE, 
probably caused by reorganization of the Spiro-TTB HTL (glass 
transition temperature, Tg = 146 °C).[40] As shown in Figure 2d,e, 
annealing of samples with NPB HTL did not lead to significant 
improvement but instead caused very instable operation due to 
the low Tg of NPB being only 95 °C.[41] The electroluminescence 
(EL) spectra of the OLEDs peak at 610 nm, indicating that emis-
sion originates predominantly from excimers (Figure S2c, Sup-
porting Information).[22,37] The spectra are nearly independent 
of HTL material and PTCTE thickness, suggesting that optical 
effects play only a minor role.
2.3. Photophysical Properties of PTCTE Doped into Different 
Host Materials
The low PLQY of PTCTE of only 13% is probably caused by its 
dense molecular packing, which leads to excimer formation and 
contributes to concentration quenching. In order to improve the 
PLQY, we embedded the liquid crystalline emitter into different 
host materials. Chemical structures of selected hosts (NPB, 
4,4′,4″-tris(N-carbazolyl)-triphenylamine (TCTA), 4,6-bis(3,5-
di(pyridin-3-yl)phenyl)-2-methylpyrimidine (B3PYMPM), and 
2,2′,2″-(1,3,5-benzinetriyl)tris(1-phenyl-1-H-benzimidazole) 
(TPBi)) are shown in Figure 3a. NPB and TCTA are hole-trans-
porting materials while B3PYMPM and TPBi predominantly 
transport electrons. As a result, the PLQY was reduced when 
doping PTCTE at 2 wt% in NPB and TCTA hosts but increased 
to up to 56% using TPBi as host (Table 1).
The PL spectra of PTCTE doped films are shown in 
Figure 3b. Doping the emitter into NPB led to a slight red-shift 
Figure 2. a) Simplified DLC OLED structure with undoped layers. b,d) Current density (solid lines) and luminance (dashed lines) versus voltage 
characteristics and c,e) external quantum efficiency as a function of current density for DLC OLEDs with Spiro-TTB (b,c) and NPB HTL (d,e) before 
and after annealing at different temperatures.
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of the excimer peak to 649  nm and the formation of an addi-
tional strong peak at 433  nm, which originated from NPB 
emission. This indicates strong phase separation in NPB and 
may be the origin of the observed low PLQY in this system. 
Embedding the emitter into the other host materials instead 
caused a blue-shift of the spectrum. Using TCTA as a host, 
the emission peaked at 590  nm and was similarly featureless 
as in NPB. Thus, excimer emission appeared to be dominant 
in this film as well. Additionally, emission from the TCTA host 
is detected at ≈390  nm.[42] However, when doping the emitter 
into TPBi the spectrum showed a peak at 533  nm with clear 
vibronic progression while the excimer emission of PTCTE 
vanished. The high PLQY observed for TPBi:PTCTE films 
(56%) thus originates from pure singlet emission and indicates 
that emitter molecules are well dispersed within the film.
The orientation of the transition dipoles of neat PTCTE films 
became less horizontal when the emitter was embedded in 
TPBi and TCTA, with a =  0.22 and 0.26, respectively (Table  1; 
Figure S3a, Supporting Information). With an NPB host, purely 
isotropic orientation was observed, which may be related to 
its lower Tg compared to TCTA (151  °C) and TPBi (122  °C).[43] 
Furthermore, PTCTE molecules showed a more preferential 
horizontal orientation when embedded in TPBi, which is com-
posed of a more rigid core compared to TCTA.
Additionally, we tested exciplex-forming co-host structures of 
TCTA:B3PYMPM and TCTA:TPBi. Exciplex-forming co-hosts 
have previously contributed to preferential TDM orientation 
and may furthermore improve charge balance and reduce 
driving voltages in OLEDs.[2,42,44] In our case, however, embed-
ding PTCTE into co-hosts caused neither an improvement in 
PLQY nor in TDM orientation (Table 1; Figure S3b, Supporting 
Information). The PL spectra of PTCTE in TCTA:TPBi co-host 
showed both singlet PTCTE emission as well as excimer emis-
sion (Figure 3c). Furthermore, host exciplex emission appeared 
at ≈440  nm.[44] Emission from the TCTA:B3PYMPM co-host 
system showed a similar spectrum, however, the PTCTE sin-
glet may have been overlapped by host exciplex emission at 
≈490 nm.[42] Thus, the co-host systems suggest that still larger 
domains of PTCTE were present in those films, which also cor-
relates with the rather low PLQY obtained.
In conclusion, TPBi seems most promising as host for well-
dispersed PTCTE films. Although the strong horizontal TDM 
orientation observed in neat PTCTE films is reduced in TPBi, 
this host still provides significant TDM anisotropy and addi-
tionally strongly improves PLQY. This may be due to the more 
polar character of TPBi,[45] which is similar to the polar ester 
groups in PTCTE and thus possibly prevents the formation of 
clustered emitter domains.
2.4. Embedding PTCTE into State-of-the-Art OLEDs
Next, we embedded PTCTE into EMLs either as neat emitter 
or doped at 2  wt% into the host materials studied above 
and incorporated this EML into state-of-the-art OLED struc-
tures (Table  2, Figure  4a). Compared to using PTCTE as 
neat emitter, embedding it into hosts may lead to three dif-
ferent effects, namely, changes in charge transport, radiative 
efficiency, and outcoupling efficiency. While the outcoupling 
efficiency will slightly decrease due to the reduced TDM 
Table 1. PLQY (λexc  = 298  nm) and anisotropy factor a of neat PTCTE 
films and PTCTE doped into different host materials at 2 wt%.
Host Neat NPB TCTA TPBi TCTA:B3PYMPM TCTA:TPBi
PLQY [%] 13.1 2.6 11.5 56.4 13.2 13.6
Anisotropy factor, a 0.10 0.33 0.26 0.22 0.32 0.28
Figure 3. a) Chemical structure of the host materials. b) Normalized PL spectra (λexc = 300 nm) of PTCTE in different hosts. c) Same for PTCTE doped 
into co-host systems.
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orientation in host–guest systems, we expect significant gain 
in charge transport. Additionally, in the case of TPBi as the 
host, the increased PLQY will lead to a strong improvement in 
radiative efficiency.
In order to reduce resistive losses and facilitate Ohmic charge 
carrier injection, the devices used doped charge transport layers 
(so-called p-i-n structure).[46,47] Figure  4b,e shows the current–
voltage–luminance characteristics. Compared to the simple 
OLED structure (Figure  2), current transport and luminance 
increased tremendously for all host–guest systems. However, 
the device containing PTCTE as neat emitter (D1) was only very 
weakly emissive, despite showing the largest current transport.
Embedding PTCTE into a matrix resulted instead in 
strongly increased luminance, which reached values exceeding 
1000 cd m−2 at 5.3 V for NPB and TCTA hosts. For these two 
host materials, we also tested TCTA instead of NPB as electron 
blocking layer (EBL) but leakage currents significantly increased 
and current transport became massively hindered due to the 
energy barrier between Spiro-TTB and TCTA (Figure  S4a,b, 
Supporting Information). The TPBi host with its very deep 
HOMO level introduced an additional energy barrier for hole 
injection that led to reduced charge transport, as observed 
by the s-kink in j–V characteristics. We suggest that the first 
increase in j–V between 3 and 5  V in this device is related to 
successful electron injection into TPBi. Hole injection into the 
EML, however, was massively hindered due to the large energy 
difference in the HOMO levels of NPB and TPBi (see energy 
level diagram in Figure  S5, Supporting Information). Instead, 
the similar LUMO energies of NPB and TPBi (−2.7  eV) ena-
bled a pathway for electrons to leak through the device without 
recombination. Thus, light was only emitted after successful 
hole injection into the EML (from 4.8 V upward). Compared to 
the single host systems, j–V characteristics further improved in 
the co-host systems as expected for exciplex-forming co-hosts 
due to their reduced energy gaps for electron and hole injection 
into the EML. Here, a luminance of 1000 cd m−2 was achieved at 
only 4.1 V for both TCTA:B3PYMPM and TCTA:TPBi co-hosts.
The EQE of the single host systems was highest when using 
TPBi and reached a maximum EQE of 0.45%. However, com-
pared to the high PLQY of 56.4% in this host, the low EQE indi-
cates significant internal losses, probably caused by the large 
hole injection barrier, which likely led to charge carrier imbal-
ance. An improvement in EQE is observed for OLEDs based on 
the co-host system of TCTA:TPBi, which reached a maximum 
EQE of 0.78%. Given the relatively low PLQY of this system of 
only 13.2% (Table  1), the achieved EQE is already close to the 
estimated maximum value of 0.83%, which would be possible 
in this system considering that a fluorescent emitter was used 
(resulting in a spin factor of 0.25) and assuming a maximum 
outcoupling efficiency of around 25%.
For most host–guest systems and for the neat emitter, the 
EL spectra were slightly blue-shifted compared to their respec-
tive PL spectra (Figure  4d,g). Furthermore, the higher energy 
host singlet and exciplex emission observed in PL from single 
and co-hosts, respectively, are significantly reduced in EL. This 
Table 2. Electron blocking layer (EBL), EML, and hole blocking layer 
(HBL) materials used for devices with doped charge transport layers 
(Figure  4a). The EML was doped with 2  wt% PTCTE (except for neat 
layer of PTCTE, device D1).
Device EBL EML HBL
D1 NPB Neat (PTCTE) BAlq
D2 NPB NPB BAlq
D3 NPB TCTA BAlq
D4 NPB TPBi TPBi
D5a) NPB TCTA:TPBi TPBi
D6 NPB TCTA:B3PYMPM B3PYMPM
a)This device contained a Spiro-TTB:F6-TCNNQ HTL with a thickness of 50 nm.
Figure 4. a) Layer structure of p-i-n type DLC OLED stacks. b,e) Current density (solid lines) and luminance (dashed lines) as a function of the voltage 
(D1-6 indicate the respective OLEDs defined in Table 2), c,f) external quantum efficiency, and d,g) normalized EL spectra recorded at 4 V for PTCTE-
based p-i-n OLEDs fabricated with different host materials (top row: single host; bottom row: co-host system). Dashed lines in (d) and (g) show the 
corresponding PL spectra from Figure 3b,c for comparison.
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may be caused by direct formation of excitons on the guest. 
For the NPB host, the EL spectrum changed dramatically 
from pure PTCTE excimer and NPB singlet emission in the 
case of PL to nearly white emission in EL (CIE coordinates: 
x,y =  (0.373,0.452), peak: 528 nm, FWHM: 200 nm). Here, the 
spectral shape indicates emission from both PTCTE excimer 
and singlet states. When fabricating OLEDs, the organic layers 
present underneath the EML possibly reduced molecular clus-
tering of emitter molecules while in PL samples the underlying 
glass substrate caused stronger formation of PTCTE domains. 
Furthermore, the spectrum strongly blue-shifted with applied 
voltage, which suggests that the higher energetic singlet 
emission only became efficient at higher drive voltages while 
excimer emission was dominating at low voltages (Figure S4c,d, 
Supporting Information).
3. Conclusions
In summary, we studied the PL and EL properties of the liquid 
crystalline emitter PTCTE. The emitter showed preferential 
horizontal orientation of its TDM, pure excimer emission, 
and relatively low PLQY. Doping PTCTE into different host 
materials, the PLQY was increased and emission from the 
singlet state was observed due to suppressed molecular clus-
tering. Our data further suggest that efficient suppression of 
excimer emission is important to obtain high PLQY. We then 
embedded PTCTE host–guest systems in state-of-the-art OLED 
stacks, which significantly improved efficiency, that is, elec-
trical efficiency and radiative decay, compared to simple bi-
layer OLEDs that contained the emitter as neat EML. Figure 5 
summarizes the maximum EQE, luminous efficacy (LE), and 
current efficiency (CE) of the investigated devices. Using a 
co-host of TCTA:TPBi, we achieved maximum efficiencies of 
0.8% EQE, 2.2  lm W−1, and 2.1  cd A−1. Future studies should 
focus on improving OLED performance using TPBi as host, 
for which we observed highest PLQY and strongest TDM 
anisotropy of all host materials studied. For OLEDs incorpo-
rating a TPBi host, other EBL materials should be tested in 
order to improve hole injection into the EML. This would opti-
mize charge balance and may lead to EQE values of up to 4.2% 
assuming a light outcoupling efficiency in line with the TDM 
anisotropy of this system (i.e., about 30%). With the broad 
emission spectrum observed, we believe that this emitter holds 
also great potential for creating simple white OLEDs with high 
color rendering, even without using additional emitters as sug-
gested in ref. [27].
4. Experimental Section
All samples were fabricated by thermal evaporation in a high vacuum 
chamber (Angstrom EvoVac) at a base pressure of 10−7  mbar. For 
photophysical measurements, 50  nm films were fabricated either 
on glass (orientation measurements), quartz (for measurement of 
absorbance, PL spectra, and PLQY), or silicon substrates (measurement 
of n and k values). Glass samples were encapsulated to minimize 
degradation during PL measurements. Emission spectra were measured 
in a fluorimeter (Edinburgh Instruments FLS1000) and averaged over 
10 points (20  nm). Absorbance was measured in a spectrophotometer 
(Cary 300). PLQY was recorded in an integrating sphere (Hamamatsu 
C9920) in nitrogen environment. The TDM orientation was measured 
in a custom-built goniometer as described elsewhere.[3] Briefly, samples 
were mounted on a rotary stage and coupled to an index-matched semi-
cylindrical glass lens. Upon excitation with a UV LED at 365  nm, the 
transverse magnetic component of the sample emission was recorded 
using a polarizer and a fiber-coupled spectrometer (OceanOptics Maya 
LSL). The TDM orientation was then calculated by fitting the measured 
spectra to the spectral radiant intensity (SRI) I(θ,λ) obtained by transfer-
matrix simulations: I(θ, λ) =  a × ITM,v(θ, λ) + (1 − a) × ITM,h(θ, λ). Here, 
ITM,v/ITM,h describes the transverse magnetic components of the SRI 
emitted vertically/horizontally to the substrate plane, θ is the collection 
angle relative to the substrate plane, and λ is the wavelength. For this, 
the complex refractive indices of all studied films were determined by 
ellipsometry (J.A. Woollam Co., M-2000DI).
OLEDs were fabricated on cleaned glass substrates coated with 90 nm 
pre-patterned ITO (Thin Film Devices, Inc.). Samples were encapsulated 
in nitrogen atmosphere directly after fabrication with getter-embedded 
glass lids. The following materials were used: Spiro-TTB as HTL; 
2,2′-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ) 
as p-dopant at 4  wt%; NPB as HTL, EBL, and host; TCTA as EBL and 
host; TPBi as host and HBL; B3PYMPM as host and HBL; bis-(2-methyl-
8-chinolinolato)-(4-phenyl-phenolato)-aluminum(III) (BAlq) as HBL; 
4,7-diphenyl-1,10-phenanthroline (BPhen) n-doped with Cs at 2  wt% as 
ETL; lithium fluoride (LiF) as electron injection layer in simple bi-layer 
OLEDs; 100 nm aluminum as cathode.
The device characteristics were recorded with a source-measure unit 
(Keithley 2400) and a calibrated silicon photodiode. EL spectra were 
measured with a spectrograph (Oriel MS125) coupled to a CCD camera 
(Andor DV420-BU). Efficiencies were calculated assuming Lambertian 
emission. For annealing experiments, samples were placed on a hotplate 
for 3 min and measured after cooling down to room temperature.
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Figure 5. Summary of maximum EQE, LE, and CE of the DLC OLEDs 
investigated in this study. “Undoped” refers to the simple device 
(Figure 2a) with Spiro-TTB HTL and 110 nm PTCTE. All other devices refer 
to the p-i-n stack with variation of EML materials (Figure 4a).
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